Abstract. This paper reports preliminary results of a study to evaluate quantitatively the utility of a microsurgical assistant robot in the surgical procedure of stapedotomy. We report a microsurgical assistant robot developed to manipulate cooperatively, under surgeon control, several standard stapedotomy surgical instruments. We report the development of a full-scale instrumented model of the human ear that enables us to measure directly intra-operative parameters for stapedotomy fenestration and prosthesis crimping. The experimental methodology is reported. Preliminary force and image data obtained during stapedotomy fenestration and prosthesis crimping performed (a) manually and (b) with robotic assistance are reported.
Introduction
Recently developed robotic assistant devices offer the possibility of extending human performance to permit fine manipulation tasks that are normally considered difficult or impossible. Examples include robotic extenders that directly amplify human strength [1 3] , passive devices that direct human task execution [4, 5] , and active devices that assist in the execution of fine manipulation tasks [6 8] . The goal of these robotic assistant devices is to directly enhance and assist human tool-based haptic task performance. We note that this goal is sharply distinguished from that of master/slave tele-robotic systems, whose objective is to provide remote manipulation at sites remote from the human operator.
Fig. 1. The Steady Hand Surgical Assistant Robot
The need for microsurgical assistants arises from the normal limitations of human dexterity resulting from tremor, jerk, drift, and overshoot [9, 10] . Despite the fact that surgeons possess greater dexterity than unskilled persons when performing similar tasks, the limitations of surgical dexterity complicate and constrain microsurgical procedures [11 13] . Robotic assistants offer the possibility of overcoming some of these limitations to enhance current microsurgical procedures and to enable surgical procedures presently considered impractical or infeasible.
This paper reports preliminary results of a study to evaluate quantitatively the efficacy of a microsurgical assistant robot in the surgical procedure of stapedotomy. We report a surgical assistant robot developed to manipulate cooperatively, under surgeon control, several standard stapedotomy surgical instruments. The robot assistant is designed to improve human manipulative performance by reducing tremor, improving instrument positioning precision, and amplifying human tactile sensitivity.
The goal of this investigation is to evaluate the efficacy of the robotic assistant by comparing performance measures of stapedotomy procedures performed (a) manually and (b) with robotic assistance and, further, to evaluate the effect of expert/novice differences in the comparative performance of human-robotic augmentation. To achieve this, we have developed a full-scale model of the human Fig. 2 . The normal inner ear (left image), from [14] . The inner ear after stapedotomy, showing the prosthesis attached to incus and cochlea oval window, as viewed from ear canal (right image), from [15] .
ear comprising a cadaver temporal bone and full instrumentation for real-time force, position, and contact sensing. The model enables us to measure directly intra-operative parameters for fenestration (perforation diameter, perforation placement, and perforation force) and prosthesis crimping (circumferential crimp contact area, oval window force, and prosthesis displacement during crimping).
This paper is organized as follows: Section 2 reviews the condition of osclerosis and procedure of stapedotomy. Section 3 briefly describes the steady hand robotic assistant. Section 4 reports our experimental design. Section 5 reports preliminary experimental data. A summary and conclusion follows.
Otosclerosis and Stapedotomy
Otosclerosis is a disorder of the middle ear that causes conductive progressive hearing loss, occurring in approximately one of every 200 people. It occurs when bony deposits cause the stapes the innermost bone of the middle ear, shown in the left image of Figure 2 to become fixed or immobilized and, in consequence, sound vibrations cannot propagate to the inner ear. The result is conductive hearing loss. The stapedotomy procedure involves surgical removal of the part of the immobilized stapes bone located between the incus and the stapes footplate, followed by placement of small piston-shaped prosthesis to replace this missing bone. The prosthesis is placed in a hole created in the stapes footplate on the oval window, a membrane overlying the cochlea of the inner ear. After placement, the prosthesis wire is crimped to the incus bone, the second of the three bones of the middle ear. Once in place, the prosthesis transmits sound vibrations from the incus bone directly to the cochlea's oval window, effectively bypassing the immobilized stapes bone. The resulting configuration is shown in the right image of Figure 2 .
Stapedotomy is a technically demanding operation; it well known that surgical skill is among the most important variables in predicting outcome. Otologists have identified two steps in the operation that are particularly demanding: (a) fenestration of the stapes footplate and (b) crimping the prosthesis to the incus [16, 17] .
To permit the piston prosthesis to contact the cochlea by penetrating through the the stapes footplate, the footplate is first fenestrated with a micro-pick. The fenestration requires extremely high precision and control. Excessive fenstration force will cause trauma to the inner ear, resulting in sensineural hearing loss. The desired diameter of the punctured hole, normally 0.6 mm, is also crucial. Undersized fenestration will prevent the prosthesis from contacting the cochlea's oval window. Oversized fenestration can result in the prosthesis falling out of place. In our approach, the surgeon remains in direct control of the instrument throughout the procedure, as opposed to the automatic drilling technique reported in [18] .
After the prosthesis has been placed within the fenestration, it is attached by crimping an integral wire to the long process of the incus. The crimping procedure is crucial, and extremely delicate. Movement of the piston during crimping may cause the piston prosthesis to become dislodged and lose proper contact with the oval window. Undue force must not be applied to the prosthesis to avoid trauma to the inner ear. In an ideal crimp, the wire of the piston prosthesis will have even circumferential contact with the long process of the incus. Adequate crimping force is required to preclude subsequent slippage of the piston. Excessive crimping force can result in necrosis of the long process of the incus bone and, in consequence, hearing loss. The anatomy of the ear and the final position of the prosthesis are shown in Figure 2 .
Steady Hand Robot
The steady-hand robot employed in these experiments cooperatively assists a surgeon's manipulation of microsurgical tools [8, 19] . In this paradigm, both the user and the robot cooperatively hold and manipulate the surgical instrument [7, 6] . The robot is modular and consists of (i) a three degree of freedom linear base stage, (ii) a two degree of freedom remote center of motion stage [20] , and (iii) a final two degree of freedom z −θ insertion-rotation stage [8] . The robot's seven joints are under independent PD position/velocity control at 1000 Hz sample rate, implemented with a servo card. The closed loop position bandwidth of the robot joints is 20 Hz [21] .
The robot is instrumented with a pair of six-axis force-torque sensors. The first six-axis sensor reads the force applied by the user on the surgical instrument. The second six-axis sensor reads the tip forces applied by the robot on the environment. At present, the robot can be operated in the two following modes:
1. Proportional Velocity Control: In this mode the robot end-effector's velocity is proportional the force applied by the user. Specifically, the desired velocity of the robot is calculated using the law:
Here x d and f 1 (t) are the desired velocity of the robot and the force applied by the user on the instrument respectively, both expressed in a fixed inertial coordinate frame, and α is a user determined gain. x d (t), after a suitable kinematic transformation, is used to generate the joint velocity trajectories used by the servo card. This control law provides a viscous damping effect on forces applied by the user on the instrument with 1/α being the damping coefficient. In consequence of the robot's mass, the viscous damping, and the position bandwidth of the robot, we have observed that the high frequency hand tremor of the user's hand does not propagate to the instrument tip. Users feel that their hand is being steadied.
Force Scaling Mode:
This mode is similar to the previous mode except that the robot is force controlled in directions in which the instrument contacts the environment. The desired instrument tip force f 2d (t) is given by:
where γ is the force de-amplification gain. The force control algorithm used for this is reported in [21] . In all non-contact directions, the robot just works in the damped-motion mode. The net effect of this control algorithm is that small contact forces between the instrument and the environment are amplified to the user. The robotic assistant thus enables the user to exert fine manipulative forces below the normal threshold of human tactile sensitivity.
The robot is controlled in proportional-velocity mode during the crimping procedure. It is controlled in the force-scaling mode during the fenestration procedure.
Experimental Methodology
Our goal is to compare the performance of otologic surgeons with and without robotic assistance. To achieve this, we have developed a novel instrumented model of the middle ear to enable quantitative measurement of task performance during stapedotomy, a common, yet challenging, otologic surgical procedure. With this new surgical station, we are able to compare performance variables during both the fenestration and crimping steps of stapedotomy. Performance variables will be measured for skilled operators (faculty, fellows, senior residents) performing multiple repetitions (5-10 per operator) of a procedure both with and without robotic assistance.
For fenestration of the stapes footplate using a micropick, our performance measures are the following: 1. Perforation diameter in perpendicular dimensions to a goal of 0.6 mm. 2. Perforation placement around a desired point. 3. Force (both maximum and cumulative) applied to the stapes footplate.
For crimping the prosthesis to the incus, our performance measures are the following:
1. The extent and uniformity of circumferential contact between the prosthesis wire and incus bone. 2. The force applied to oval window during crimping both maximum and cumulative. 3. The movement of the prosthesis during crimping i.e. initial versus final position and cumulative movement.
To replicate closely actual operative conditions, the procedures reported herein are performed in a prepared human temporal bone mounted on a ballswivel joint. The ball-swivel joint allows the surgeon to position the temporal bone in a position familiar and comfortable for surgery. The temporal bone has been drilled to permit visual access to two endoscopic cameras mounted nearlyorthogonal to one another. The temporal bone has also been modified to permit positioning of a load cell mounted on an x-y-z stage. On the load cell, we place an artificial stapes bone. The x-y-z stage permits correct positioning of the load cell and stapes bone within the prepared temporal bone. With actual stapes footplates, the force required to fenestrate the stapes footplate varies with thickness, thus complicating direct complicating comparisons of individual procedures.
To ensure authentic yet repeatable experimental trials, we employ synthetic artificial stapes bone samples exhibiting mechanical properties typical of actual stapes footplates. To simulate accurately the actual incus bone, we have designed and constructed an artificial incus of diameter identical to a typical adult incus bone, but equipped with six surface electrodes radially distributed at equal intervals about its circumference. The electrodes enable precise determination of the circumferential contact between the metal wire of the stapes prosthesis and the six wires mounted on the artificial incus bone.
We measure performance variables for fenestration of the stapes footplate as follows:
1. To measure perforation diameter placement, we photograph the fenestrated stapes footplate, and analyze the image digitally to measure the actual fenestration diameter. 2. To measure the perforation placement around a desired point, we employ the same digital imaging technique of the previous step. 3. To measure force applied to the stapes footplate, we record forces on the load cell upon which the stapes bone is mounted.
We measure performance variables for crimping of the stapes prosthesis to the incus bone as follows:
1. To measure the degree of circumferential contact between the prosthesis wire and incus bone, we employ six circumferentially distributed electrodes embedded in the artificial incus bone, and a sensitive high-impedence op-amp circuit to measure electrical continuity between the each of the electrodes. Mechanical contact between prosthesis and incus results in a well defined electrical continuity. The number and location of incus electrodes exhibiting continuity reveals the extent and uniformity of mechanical contact between prosthesis wire and incus bone. 2. To measure force applied to the oval window during crimping, we use the load cell upon which the stapes bone is mounted. 3. To measure movement of the prosthesis during crimping, we film the crimping procedure with the cameras. By moving the robot in a pre-defined trajectory, we are able to calculate the exact angle between the cameras. Thus, after optically tracking the images on each camera, we can reconstruct the movement of the piston prosthesis in three-dimensional space.
A surgical stereo-microscope and the microsurgical assistant robot are positioned above the experiment station. The experimental setup is pictured in Figure 3 . Figure 4 shows Dr. Niparko testing the experimental station. Figure  5 shows a schematic diagram showing the main elements of the setup shown in Figure 3 . Fig. 8 shows a view from one of the endoscopes during the actual procedure.
Determining a suitable material for the artificial stapes
Normal stapes footplates vary in thickness, and the force required to fenestrate the footplate will vary with its thickness. To ensure authentic yet repeatable experimental trials, we employ synthetic artificial stapes bone samples exhibiting mechanical properties typical of actual stapes footplates. To determine the appropriate material properties for an artificial stapes bone, force versus position recordings were taken for human stapes bones. In this procedure, a pick was mounted to the vertical translation stage of the robot and advanced and withdrawn through the stapes bone at a rate of 0.1 mm/sec. Forces on the pick were logged during perforation of the stapes footplate, revealing penetration forces of between 2 and 3 Newtons. We performed micro-indentation and nano-indentation tests on human stapes bone samples, determining the Vickers Hardness of the human stapes bone to be approximately 75 kgf /mm 2 . Similar force-position tests were performed on several candidate materials molded into the shape of a stapes footplate. For testing, we first choose several dental composites with similar Vickers Hardness and a range of Young's moduli. Dental composites with the correct Youngs modus proved to have inadequate porosity and, in consequence, were far more stiff and brittle than actual human stapes bone. In a human stapes bone, perforation with a micropick leaves a clean well-defined hole in the bone. The dental composites, in contrast, tended to fracture during perforation.
We searched for a more porous material that would break in a fashion similar to the human stapes bone instead of catastrophically fracturing. After trying a variety of materials, excellent fracturing patterns were obtained with dense polyurethane foam of the type employed for artificial bone. The density of the foam was then varied to produce a perforation force on the order of 2 and 3 Newtons, as observed in the actual stapes bone. Figure 7 shows the force (Newtons) versus position (mm) plot for perforations of two artificial stapes made of dense polyurethane foam.
Preliminary Results
This section reports preliminary data with each of the sensors in the surgical system during execution of both the fenestration and crimping tasks, executed both manually (unassisted) and with steady hand robotic assistance.
The normal force (perforation force) for a manual stapes fenestration procedure are shown in Figure 8 , and for a robotically assisted procedure in Figure 9 . The figures show perforation force in Newtons versus time in seconds. The data indicates that the robotically assisted procedure is completed more rapidly, and with a smaller perforation force both are desirable indicators of a successful procedure. Moreover, the preferred technique for robotically assisted fenestration is to perform a a single, slow, finely controlled motion. In contrast, the manual procedure is seen to involve several repeated contacts.
The force exerted on the incus bone during prosthesis positioning and wire crimping is shown for manual and robotically assisted procedures in, respectively, Figure 10 and Figure 11 . The data of Figure 10 shows a single prosthesis wire crimping operation, with no manipulation of the prosthesis angle. The data of Figure 11 shows incus force as the surgeon employed the stead-hand system. Here, the surgeon took time to first carefully adjust the angle of the prosthesis with respect to the incus and the stapes footplate, hence the repeated forces exerted on the incus, and completed the operation by crimping the prosthesis wire to the incus. No significant difference was observed in the overall magnitude of the force exerted on the incus. This preliminary data is suggestive, but not yet conclusive. With the anecdotal preliminary data presented herein, we can conclude only that the robotically assisted procedure is feasible, and that its performance is no worse than that of the manual procedure. We are about to embark on series of controlled trials to obtain statistically significant data comparing the performance of manual and assisted procedures by both novice and expert surgeons.
Conclusion
The present model of robotic application to otologic surgery seeks to modify a time-honored procedure using existing tools, instrumentation, and biologic implants. It is highly likely that a more exacting procedure enabled by robotic assistance will propel developments that further refine both instrumentation and prostheses in order to achieve better hearing results. Thus the present model is a preliminary step; further development is required on several fronts.
The construction and testing of an instrumented experiment station to replicate human ear anatomy for stapedotomy is complete and the system has been successfully demonstrated. We have obtained preliminary data from our instrumented experiment station during execution of stapes perforation and prosthesis wire crimping. The data included perforation forces, hole size and position, wire crimping contact, and 3D motion trajectories of instruments and the stapes prosthesis. We are presently beginning series of controlled trials to obtain statistically significant data comparing the performance of manual and assisted procedures in both novice and expert surgeons. If successful, after completing these controlled trials, we plan to compare the outcomes of manual and robotically assisted stapedotomy procedures on guinea pig animal models [22] .
